CIRCULATION-TIME MODELS OF THE UPTAKE OF INHALED ANAESTHETICS AND DATA FOR QUANTIFYING THEM W. W. MAPLESON

SUMMARY
Conventional compartmental models of the uptake and distribution of inhaled anaesthetics assume that blood moves from lungs to tissues and from tissues back to lungs in zero time. Three new models which incorporate alternative representations of the finite time actually taken have been constructed in terms of Algol programs for a digital computer. It is shown that the conventional approach causes systematic errors in the computed uptake of low-solubility agents, in the arterial tension of high-solubility agents, and in the tissue tensions of all agents. The errors are important in the first minute or two of administration or recovery. The conventional distribution of blood volume between compartments is shown to be in error and to cause even greater systematic errors in computed results. Three different published distributions of tissue volume and cardiac output give different computed results and a "preferred" distribution is suggested.
In anaesthetics of very short duration, or in obstetric analgesia where inhalation of the agent is intermittent, the time taken for the blood to circulate round the body is not much shorter than the period for which the inspired gas contains an anaesthetic agent. Therefore, inaccurate representation of the circulation may cause appreciable errors in theoretical computations of the uptake and distribution of the agent. Several models of the uptake and distribution of inhaled agents have been described. In almost all of them, with the notable exception of those with which Perl was involved (Perl, 1963; Perl et al., 1965; , the body tissues are grouped into independent compartments on the basis of perfusion and tissue/blood partition coefficient, and the following assumptions are made (though often not explicitly).
(1) Arterial blood leaving the lungs, alveolar gas, and lung tissue are all in equilibrium. (2) All tissues in a compartment are at the same tension and in equilibrium with the venous blood leaving the compartment. In most of the models the circulation time from lungs to tissues and back is assumed to be zero. Then, by invoking the law of conservation of matter, the system is defined for any given set of volumes, flows, partition coefficients and inspired concentration.
W. W. MAPLESON, PH.D., F.INST.P., Department of Anaesthetics, Welsh National School of Medicine, Cardiff, Wales, CF4 4XN. Eger's (1963a) digital model includes a finite circulation time but this appears to be designed for economy of computation rather than verisimilitude. Mapleson (1963a) described how a passive-analogue* model might be elaborated to incorporate circulation time realistically and discussed the likely effects of so doing. Waud and Waud (1970) used an activeanalogue* model in which the total circulation time was zero; then they delayed the computed brain tension by 7 sec.
The need for a more accurate representation of the circulation was appreciated, but not satisfied, in a theoretical study of obstetric analgesia (Mapleson, 1969) and the problem was finally studied in some detail for the purpose of matching experimental data on short-term nitrous-oxide uptake and elimination (Mapleson and Smith, 1972) . This paper compares four models, constructed in terms of Algol programs for a digital computer (ICL System 4). One is equivalent to most previous models in that it contains no direct representation of circulation time; the other three contain different direct representations.
•Passive analogues are usually electric and comprise a network of components which obeys the same mathematical equations as those assumed to be obeyed by the real system to which it is analogous. The only power source is that corresponding to the input to the real system (inspired concentration of anaesthetic in the present case). An active analogue incorporates "active" components, such as electronic amplifiers, which require an additional power source.
The construction of these models drew attention to the importance of the disposition of the blood volume within any model. Yet some authors omit part of the blood volume altogether. Sluijter (1970) mentions only 1.4 L, Eger and Severinghaus (1964) only 1 1., and Waud and Waud (1970) less than 0.3 L In all three cases the blood is put in the lung compartment. Eger's (1963a) circulation appears to contain only 3 L or sometimes only 1.5 1. of blood which is alternately in the venous and arterial positions. These arrangements would clearly underestimate the total uptake of the body at equilibrium. Other authors (Mapleson, 1963a; Severinghaus, 1963; Munson and Bowers, 1967; Whelpton, 1969; Ashman, Blesser and Epstein, 1970; Cowles, Borgstedt and Gillies, 1971, 1972) include the whole blood volume, with the arterial blood in a pool in the lungs and the venous blood in pools in the tissue compartments; but they all share the total volume of venous blood between compartments in the same proportion as they share the cardiac output.
This distribution of blood between the compartments was found to lead to absurd conclusions so an attempt has been made (Appendix I) to assess the actual distribution of blood and to examine the effect of this on computed results.
The opportunity has been taken to compare the three main published distributions of tissue volume and cardiac output and to propose a preferred distribution (Appendix II). Figure 1 shows a possible basic model of the ventilation and circulation of a "compartmentalized" man, together with the four actual models, O, F, M, and P, used in this study. These actual models arc best described in terms of modifications of the basic model.
MODELS
The basic model.
In the basic model each tissue compartment has its own "artery" and its own "vein". Three of each are shown but there can be any number. Each artery and vein is divided into segments, all of such a length as to contain the volume of blood which flows through the artery or vein in one heartbeat. Therefore, at a heart rate of 60 beats/min the number of segments in an artery (or vein) is equal to the transit time in seconds from lungs to tissues (or tissues to lungs)-although the number shown in figure 1 was chosen for clarity, not accuracy.
At each heartbeat a stroke volume of blood leaves the lungs and is divided into fractions in proportion to the blood flow to each compartment. These fractions enter the corresponding arteries as plugs or boluses and displace all the existing fractions by one segment without any longitudinal mixing. Therefore a fraction is ejected from the end of each artery and these fractions flow through their corresponding compartments, enter the corresponding veins, and displace all the fractions in the veins by one segment. The fractions ejected from the ends of the veins are combined to form a complete stroke volume which enters the lungs. Thus, allowing for the simplification of grouping the body into a small number of compartments, this model of the circulation is thorough to the extent that it allows different circulation times for each compartment; it is less than thorough to the extent that there is no longitudinal mixing in the arteries or veins.
If the uptake of an anaesthetic were to be calculated according to this model there would be one complete cycle of calculation for each heartbeat. The cycle would begin by taking from each vein the fraction of a stroke volume nearest the lungs, miring these fractions to form a stroke volume at mixedvenous tension, and putting this into the lungs. If, during the particular heartbeat represented, there happened to be an inspiration, then the appropriate tidal volume (less deadspace) of inspired mixture would also be put into the lungs. Then the incoming gas and blood would be equilibrated with the gas and tissue already in the lungs. Then a stroke volume of blood at this (arterial) tension would be ejected into the arteries and, if there happened to be an expiration during the particular heartbeat, the appropriate volume of gas at the same tension would also be ejected. At each tissue compartment the appropriate fraction of a stroke volume of blood from the corresponding artery would be equilibrated with the tissue and ejected into the corresponding vein.
Model O-zero circulation time.
The first actual model, model O, has no direct representation of circulation time and is as nearly as possible an exact replica in digital terms of the Mapleson (1963a) analogue. Its derivation from the basic model is as follows. All the arterial blood is put in the lung compartment and the blood from each vein is put in the corresponding tissue compartment. Thus the stroke volumes of blood go directly from lungs to tissues or tissues to lungs, without delay; but this is compensated to some extent by the fact that, on arrival, the stroke volume has to equilibrate with the blood in the compartment as well as with the tissue, instead of with just the tissue.
Model F-finite circulation time.
Model F is intended to be as close to the basic model as possible without making excessive demands on computer storage. It is derived from the basic model by removing from each of the longer arteries and veins sufficient segments to leave only as many as are in the artery and vein of the shortest circulation. The blood so obtained is put into the corresponding tissue compartments. The three arteries are then fused into one, and the three veins into one, so that there is just a single circulation.
Thus, whereas in model O the circulation times of all compartments were reduced to zero and the blood volume was redistributed to compensate, in model F only the slower compartments (which receive together only a minor fraction of the cardiac output-table I) are modified, and in them the circulation times are reduced merely to that of the fastest compartment, again with compensating redistributions of the associated blood volumes. Thus, the changes made in the basic model to reach mixing. Model M is similar to model F, with a single circulation, but with longitudinal mixing of blood therein instead of plug flow. The blood volume is shared between the artery, the vein and the slow tissue compartments exactly as in model F. The artery and the vein are assumed to be uniform cylindrical pipes through which blood flows with a perfect parabolic velocity profile with no slip at the wall. Thus, when a stroke volume of blood enters the artery it occupies the volume enclosed by the uppermost parabola drawn in the artery in figure 1. The previous stroke volume is driven forward into the volume between that parabola and the next, and so on. The stroke volume driven out of the end of the artery contains blood from all previous stroke volumes. These are mixed before being shared between the tissue compartments. A similar sequence of events occurs in the vein.
For both the artery and the vein, the assumption of a parabolic velocity profile causes the minimum transit time (at the centre of the pipe) to be half the mean transit time; the nnnrimnTn transit time (at the wall of the pipe) is infinity. The true distribution of transit times in a real man will be different from this because, on the one hand, the velocity profile in the major arteries (Schultz et al., 1969; Reuben, Swadling and Lee, 1970 ) is more nearly flat than parabolic while, on the other hand, there are wide ranges of transit times through some tissues (Wheeler et al., 1955) . However, in model F all transit times (across the diameter of the artery or vein) are the same, and therefore equal to the mean; consequently the magnitude of the difference between the results from model M and model F will show whether the nature of the distribution of transit times is important.
Model P-separate pooh for arterial and venous blood. Model P is a simplification of model F: the artery, instead of being a queue of non-communicating stroke volumes, is a well-mixed pool of blood; the same is true of the vein. The blood volume is shared between the artery, the vein, and the slow tissue compartments in exactly the same way as in model F. In each cycle of calculation a stroke volume is drawn from die venous pool, equilibrated with the lung compartment, and then handed on to the arterial pool where it is equilibrated with all die blood already there. Concurrently a stroke volume is similarly transferred from the arterial pool, through the tissue compartments, to the venous pooL The model requires less computer storage than model F and is much more easily adapted to the artificially slow heart rates necessary to compute results for long periods of real timp within a small amount of computer time. The model is also suitable for active-analogue simulations.
All four models allowed for the "concentration effect" (Eger, 1963b) . The particular case adopted (Mapleson, 1964) was that in which the FRC and the expired ventilation remain constant and the gas volume lost from the lungs by solution of die agent in the tissue and blood in the lungs is replaced by an increase in the inspired ventilation. The equations solved by the computer program are given in Appendix HI.
DATA FOR QUANTIFYING THE MODELS
For most of the calculations reported in diis paper, widi all four models, a heart rate of 60 beats/min and a respiratory rate of 15 b.pjn. were assumed. It was also assumed that inspiration occurred entirely widiin the first of the 4 seconds or heartbeats in each respiratory cycle and that expiration occurred entirely widiin the third.
The numerical values used in most of the calculations are given in table L The tissue volumes and blood flows, and the grouping of these into compartments, are those of Mapleson's (1963a) "standard" man. However, since Mapleson (1963a) showed that, to compute accurately the tension in a particular tissue it is necessary to give diat tissue a separate compartment, three small "sample" tissue compartments have been included. Each is of negligible volume (0.7 ml) and the perfusions are 10, 80 and 400 ml/min per 100 ml of tissue, corresponding to white matter, to grey matter or heart, and to kidneys. The partition coefficients are approximate values, adequate for comparative purposes.
Traditionally (Mapleson, 1963a; Severinghaus, 1963; Munson and Bowers, 1967; Whelpton, 1969; Ashman, Blesser and Epstein, 1970; Cowles, Borgstedt and Gillies, 1971, 1972) the total blood volume has been snared between compartments in the same proportions as the cardiac output is shared. This leads to the same total circulation time for all compartments. In terms of mean transit time (see Appendix I) this is equal to the total blood volume divided by the cardiac output (50 sec in the standard man). A new and more likely distribution is derived in Appendix I and listed in table I. This leads to different circulation times for different compartments, the shortest being that for the visceral compartment (32 sec).
In models F, M and P it is the total blood volume which is shared between compartments according to these distributions (new or traditional); in model O only the venous blood (less the circulating stroke volume) is so shared, all the arterial blood being placed in the lung compartment.
In addition to Mapleson's (1963a) "standard" man in table I, two other distributions of tissue volume and cardiac output have appeared in the anaesthetic literature (Eger, 1963a; Cowles, Borgstedt and Gillies, 1971) . The three distributions are compared in table II and a new "preferred" distribution is derived in Appendix II and listed in table HI. Figure 2 shows the computed results according to three of the models (O, F and M) for the case of a standard man (table I) inhaling 75% nitrous oxide (a low-solubility anaesthetic) for 2 min followed by •Eger (1963a) used 3 or 1.5 1. ot b.o>->d volume, alternately arterial and then venous; the blood volume figures here are those of Severinghaus (1963) which have been adopted by subsequent users of Eger*s distribution (Ashman, Blesser and Epstein, 1970; and probably Munson and Bowers, 1967, and Munson, Eger and Bowers, 1968) .
RESULTS AND DISCUSSION
Comparison of models.
t Cowles, Borgstedt and Gillies (1971) gave weights and perfusions for about 20 groups of tissues. These have been allocated to compartments on the basis of their perfusion in the same way that Mapleson (1963a) did, and a density of 1 kg/1, has been assumed for all tissues. the first 4 min of recovery on air. The "new" distribution of blood volume has been used. The effect of taking account of the circulation time (model F or M) is to delay the uptake and the initial release of the nitrous oxide. This is because the uptake in model O is artificially high initially, owing to the whole of the arterial blood volume being in the lung compartment and hence available to absorb nitrous oxide from the beginning.
The delay amounts to about 150 ml in terms of volume or 1,0 sec in terms of time. Whether or not there is any longitudinal mixing (compare model M with model F) makes little difference. The volume discrepancy is about 8% of the accumulated uptake after 2 min, or 40% of that after only 30 sec. Supplementary computations showed it to remain at about 150 ml for at least 24 min of continuous inhalation although it is then a very small percentage error and must eventually become zero even in absolute terms. Reverting to air after 1 or 4 min made no great difference to the discrepancy between the models in recovery.
In terms of alveolar or arterial tension at the lungs the effect of introducing the circulation time is barely detectable (always less than 10 mm Hg or 5%). In terms of mixed-venous tension the effect is more striking and even the difference between the two circulation-time models (F and M) becomes appreciable. In terms of tissue tensions the effect of circulation time is very ma'ked in the best perfused tissues.
Computations lor a doubled alveolar ventilation gave a somewhat greater discrepancy between models. high-solubility anaesthetic, with all models, elimination is very much slower than uptake because the alveolar tension driving out anaesthetic in recovery (<0.2 mm Hg in this example) is much less than the inspired-to-alveolar tension difference driving it in during administration (nearly 7 mm Hg in this example). Differences in uptake between the models are barely detectable. This is because the uptake of a high-solubility anaesthetic is almost entirely determined by the ventilation and hence negligibly affected by the details of the circulation.
Conversely, differences in arterial or alveolar tension are much more marked than with nitrous oxide. The pronounced oscillation in the arterial tension of the blood leaving the lungs arises because, out of the 4 sec in the respiratory cycle, inspiration is assumed to be confined to die first sec; during the other 3 sec, therefore, there is no input of methoxyflurane to the lungs and die mixed-venous blood entering die lungs absorbs a substantial fraction of the methoxyflurane already there. The oscillation is less marked in model O because it is damped by the large pool of arterial blood contained in die lung compartment. This pool also accounts for the considerably slower initial rise in die mean arterial tension with model O (for a time it is 50% lower than with model F) and the slower initial fall in recovery (for a time the tension with model O is 50% higher). However, these mean differences have largely disappeared within 2 min of die start of inhalation or of recovery.
Differences between models in mixed-venous tension are less marked than with nitrous oxide but in the tissues the differences are very similar.
It seems clear that model O causes appreciable systematic errors. On the odier hand, model M is not, in general, sufficiendy different from model F to justify die greater computing time (30%) and computer storage capacity required. Only in die case of mixed-venous tension in the first minute of induction or recovery is the difference appreciable. For die accurate computation of mixed-venous tensions, therefore, it would probably be necessary to use a more elaborate model than either ForM. Such a model would have to reproduce the true distribution of transit times radier than that of the particular longitudinal mixing scheme used in model M.
The curves for model P are omitted from figures 2 and 3 to reduce confusion: diey almost coincided widi those for model M for bodi nitrous oxide and medioxyflurane. The only exception was that die mixed-venous tensions according to model P were a little in advance of those according to model M in die first minute of administration and of recovery.
Therefore, model P seems as good as models F and M; it also has die advantage of suitability for activeanalogue simulations and of convenience in long-term digital simulation. (Model F is used in later computations in this paper merely because diey had been executed before model P was developed.) Widi a purely passive analogue even model P cannot be built and model O must be resorted to; but it can be improved.
Improvement of model O.
The reason why the tissue tensions computed by model O rise too slowly in the best perfused tissues (figs. 2 and 3) is that these compartments are "loaded" with a relatively large volume of venous blood. If all venous blood is omitted from the model the uptake is seriously underestimated. However, if the venous blood is omitted only from the sampletissue compartments, computation shows that the volume of these is so small that the effect on wholebody uptake is negligible. But the effect on computed tissue tension is to give a much closer approximation to that computed by model F. Indeed, with the low-solubility anaesthetic nitrous oxide, since the arterial tension is almost the same with model O as with model F (fig. 2 ) the tissue tensions computed according to the improved model O are almost identical ( fig. 4) to those according to model F, except for being about 6 sec too early. With the highsolubility anaesthetic medioxyflurane, the arterial tension curve is a different shape according to model O from that according to model F (£g. 3). Therefore die tissue-tension curve according to the improved model O is not only 6 sec early but also a different shape from that according to model F. In the circumstances of these trials, these two differences happen nearly to cancel so that there is a fortuitously close agreement between the improved model O and model F in terms of sample-tissue tension (fig. 4) . Thus, to compute accurately the tension in a particular tissue not only is it necessary, as Mapleson (1963a) showed, to give that tissue a separate compartment; but also that compartment should represent only a small sample of the tissue and contain no blood.
Simplification of model 0.
In the present models the peripheral shunt (table  I) is directly represented by a compartment which contains zero volume of tissue. However, in model O diis compartment does contain the appropriate volume of venous blood which therefore gradually equilibrates with arterial tension. In dieir analogue computations Mapleson (1962 Mapleson ( , 1963a Mapleson ( ,b,c, 1964 and Whelpton (1969) did not represent the shunt directly; instead they omitted the shunt part of the cardiac output completely and put the appropriate volume of venous blood in the lung compartment so that it was always at arterial tension. When this economy measure was tried in the present model O it was found that the direct "loading" of the lung compartment with this venous blood, as well as with all the arterial blood, exaggerates the differences in both uptake and arterial tension between model O and model F by about 20% of die differences shown in figures 2 and 3. Therefore, in circumstances where model O is acceptable, the additional error of not representing die peripheral shunt directly is probably also acceptable.
Distribution of blood volume.
The results so far (figs. 2-4) have been based on the "new" distribution of blood volume listed in table I and derived in Appendix I. To indicate the likely effect of die uncertainty in the "new" distribution, the computations on model F were repeated using die "traditional" distribution-in which blood volume is shared between compartments in the same proportions as is die cardiac output. The results are compared widi diose for the "new" distribution in figures 5 and 6.
The important difference between die two distributions is that, in the traditional one, die visceral and peripheral-shunt compartments have a greater blood volume associated widi diem dian in die new distribution. This increases die total circulation time of diese compartments (die fastest with tie new distribution) from 32 to 50 sec. As a result, widi both nitrous oxide and medioxyflurane die initial rise in mixed-venous tension is nearly 20 sec later widi die traditional distribution (figs. 5 and 6) and die initial rise in tissue tension about 4 sec later. In die case of nitrous oxide this leads to a greater uptake once die mixed-venous tension begins to rise; widi medioxyflurane it leads, after a similar delay, to lower arterial tensions. The differences persist for at least 24 min. Widi model O diey are simiinr in kind but less in degree, at least for nitrous oxide. The differences are sufficient to justify abandoning the traditional distribution. As better data on the actual distribution of blood volume become available, computed values will differ from those obtained with the present "new" distribution; but it seems likely that the differences will be fairly small compared to those between the present "new" and die "traditional" distributions.
Distribution of tissue volume and cardiac output.
Most models of anaesthetic uptake and distribution have shared the tissue volume and cardiac output between compartments in much the same way as either that described by Eger (1963a) or that by Mapleson (1963a) . Recently, Cowles, Borgstedt and Gillies (1971) have proposed a third distribution. The three distributions are compared in table II. For computation the Eger distribution of tissue volume was scaled to 70 1. and, for simplicity, the "traditional" distribution of blood volume between compartments (in proportion to the blood flows) has been assumed in all three cases. The resulting computed curves according to model F are shown in figures 7 and 8. It is clear that the differences between the three sets of curves are appreciable and it is interesting to see how they arise.
The large lung tissue volume in the Cowles, Borgstedt and Gillies distribution 'loads" the lung compartment and thereby reduces the amplitude of the oscillation in the arterial tension of methoxyflurane. This "loading" of the lung compartment also accounts, in the first minute of administration, for the slower rise in mean arterial tension of methoxyflurane and the greater uptake of nitrous oxide. The Eger arterial curve is omitted from figure 8 to reduce confusion but, because of the slightly smaller lung tissue volume compared to the Mapleson distribution, the oscillation is slightly wider and the rise in mean arterial tension is slightly more rapid.
The presence of a large peripheral shunt in the Mapleson distribution causes a rapid rise in mixedvenous tension of both agents once redrculation commences. This accounts for the decreased uptake of nitrous oxide after the first minute while, with methoxyflurane, it accounts for the more rapid rise in mean arterial tension, and hence in tissue tension, after the first minute. The greater perfusion of the visceral compartment in the Eger distribution causes (in comparison with the Cowles, Borgstedt and Gillies curves) a slightly more rapid rise in mixed-venous tension of both agents, and hence a lesser uptake of nitrous oxide and a slightly more rapid rise in arterial tension of methoxyflurane.
Eger's smaller fraction of arterial blood (onesixth of the total instead of one-quarter) accounts for the earlier changes of tissue tension in the Eger curves.
The differences in lean and fat perfusion and the effect of the "vessel poor group" in Eger's distribution would become apparent only after much longer administration. However, it can readily be deduced that at least the perfusion differences would lead to differences in nitrous oxide uptake and methoxyflurane tensions of a magnitude comparable to the differences shown in figures 7 and 8.
It is evident that the various differences between the three distributions cause appreciable differences in computed uptake and tension. Mapleson (1963a) and Cowles, Borgstedt and Gillies (1971) give detailed support for their data, yet the discrepancies between their distributions are only partly attributable to the greater volume of literature available to Cowles, Borgstedt and Gillies; some of the more important discrepancies arise from differences of interpretation, particularly where measurements are lacking. Therefore the acquisition of better data on the true distribution, either by direct observation or by careful matching of computed and observed uptake data, is greatly to be desired. In the meantime a "preferred" distribution for a standard man is derived in Appendix II.
CONCLUSIONS
Failure to represent circulation time leads to systematic errors in the computation of the uptake and distribution of inhaled anaesthetics. The errors are of importance only in the first few minutes of administration or recovery, or after any other changes of inspired concentration. Differences between the three circulation-time models, F, M and P, are mostly small, so the simplest and most convenient, model P, may as well be used. The only exception concerns the calculation of mixed-venous tension in the first minute after a change of inspired concentration. This requires a knowledge of the true distribution of transit times in the circulation and the construction of a model to incorporate this distribution.
Model P can be used in active-analogue simniations but with passive analogues recourse must be had to model O. It is then very important, in computing a tissue tension, to have a separate compartment representing a small volume of that tissue and containing no blood.
In any model, inaccurate distribution of blood volume between compartments causes systematic errors which persist for many minutes after a change of inspired concentration. The traditional distribution of blood volume, in the same proportion as cardiac output, is sufficiently inaccurate to cause appreciable errors. Inaccuracies in the new distribution, derived here, probably lead to only minor errors; but more reliable information on the true distribution is desirable.
Inaccurate distribution of tissue volume and cardiac output between compartments causes errors which must persist throughout any computation. Again, more information is needed.
The errors demonstrated in this paper are probably of little consequence in purely theoretical studies, comparing different circumstances in hypothetical patients-except, perhaps, in modelling the intermittent inhalation of obstetric analgesia. However, in matching experimental observations it is clearly of importance to eliminate any avoidable sources of systematic error.
ADDENDUM
Since completing this study a further distribution of blood and tissue volumes and cardiac output has been published Smith, Zwart and Beneken, 1972) . This uses nine tissue compartments but seems to follow Mapleson (1963a) fairly closely for individual tissue volumes and blood flows except for a reduced shunt and reduced cardiac output. A relatively small part of the blood volume is put into arterial and venous pools as in model P and the remainder is shared between tissues, mostly in proportion to their perfusions but with some deviations.
APPENDIX I ESTIMATION OF CIRCULATION TIMES AND DISTRIBUTION OF BLOOD VOLUME IN THE MAPLESON (1963a) STANDARD MAN
For the present purposes it is essential to use the term circulation time in the sense of mean transit time (MTT) where the MTT between two points in the circulation is given by the volume of blood between those points divided by the flow, which is assumed to be equal at the two points. Some authors, including Blumgart and Rowlands (1971) , use the terms in the sense of appearance time (AT), the time at which an indicator, introduced at the first point, just becomes detectable at the second point. The AT is always less and sometimes much less than the MTT.
Pulmonary circulation time.
The blood in the pulmonary circulation and heart chambers is taken as 15.3% (Green, 1950) (Green, 1950) . Therefore the jugular vein volume ~64 ml and the total volume'-'80 mL Flow ~ 760 ml/min, therefore circulation time-6.3 sec. Secondly, the time from antecubital vein to carotid artery in man = 12 sec (Oldendorf, 1962) , less 7.5 sec for pulmonary circulation and heart chambers, leaves 4.5 sec.
Say 5.5 sec highway time (but zero for coronary circulation).
Distribution of blood volume between compartments.
Viscera. For each tissue in the compartment the associated blood volume was calculated from blood flow X total circulation time (pulmonary + local + highway). Mean total visceral circulation time came from total associated blood volume (2156 ml) divided by total flow (4080 ml/min)= 31.7 sec.
Peripheral shunt. Assumed to have the same total circulation time as the visceral compartment: a shorter local time will tend to compensate for a longer highway time.
Lean and fat. The remaining blood volume was shared between the lean and fat compartments in proportion to their flows-as is argued in the text their exact circulation times are not critical.
Division of blood volume into arterial and venous fractions.
For all the calculations in this paper Mapleson (1963a) and Gowks, Borgstedt and Gillies (1971) have been followed in assuming, on the basis of Green s (1950) data in dogs, that the volume of blood at arterial tension is one-quarter of the total. However, the more recent estimates of Iberall and associates (1971) suggest one-fifth.
APPENDIX II
PREFERRED DISTRIBUTION OF TISSUE VOLUME, CARDIAC OUTPUT AND BLOOD VOLUME IN THE 1973 STANDARD MAN (TABLE in) For tissue masses Cowks, Borgstedt and Gillies (1971) use the figures of the International Commission on Radiological Protection (ICRP) (1960) unamended. Here the documented modifications of Mapleson (1963a) are retained, but the parenchymal fraction of the lung tissue mass is reduced to 0.5 kg (Cander and Forster, 1959; Sackner, Feisal and DuBois, 1964; Puy et aL, 1968) , and the fraction of the total blood volume assumed to be at arterial tension is reduced from one-quarter (Green, 1950) to onefifth (Iberall et aL, 1971) . The ICRP figures for total blood mass and fat-tissue mass are given in table III although, for matching individuals, these are better estimated separately from height and weight (e.g. Brown, 1971; Allen et aL, 1956) . The tissue masses must be converted to volumes because the solubilities of anaethetics in tissues are related to volume. The assumption of Mapleson (1963a) and of Cowles (1970) of a density of 1 kg/L for all tissues is hardly adequate and the densities which Eger (1963a) apparently used are not documented. Data on tissue densities from Vierodt (1906) , Nadeshdin (1932 ), Documenta Geigy (1956 , Allen, Krzywicki and Roberts (1959) , Steward, Mapleson and Allott (1972), and P. N. T. Wells (1972, personal communication) , suggest that, at least in man, a value of 1.05 kg/1, would be near enough for all aqueous tissue, including blood, but excepting lung (1.00 kg/L; Cander and Forster, 1959) and bone cortex (1.87 kg/L; Evans, 1956) . These figures are consistent with the widely accepted figure of about 1.10 kg/L (Behnke, Feen and Welham, 1942; Keys and Brozek, 1953; Von Dobeln, 1956) for the mean density of all non-adipose tissue. The density of extracted human fat is dearly 0.90 kg/1, at 37 "C (Fidanza, Keys and Anderson, 1953; Yeh and Peterson, 1963; Hodgman, 1962) but, for fat tissue, there is less certainty. However, body density measurements during weight gain in ten subjects (Keys, Anderson and Brozek, 1955) indicate 0.95 kg/L, and this is quite well supported by similar measurements during weight loss in one subject (Behnke, Feen and Welham, 1942) and by an estimate (Von Ddbeln, 1956 ) based on the chemical composition of human fat tissue and the densities of its components.
For blood flows the more recent perfusion estimates of Cowles, Borgstedt and Gillies (1971) are adopted except as follows. Small organs for which no measurements are available (salivary glands, eyes and thymus) are assumed to have the same perfusion as the mean of those for the prostate, testes and spinal cord. Because of the variation in estimates of the perfusion of skin and subcutaneous tissue (Wisham and Yalow, 1952; Sejrsen, 1969; Alpert and Coffman, 1969) and because of the extreme variability of muscle perfusion under anaesthesia (Sluijter and Sih, 1970 ) the estimates of Cowles, Borgstedt and Gillies (1971) are rounded to 5 and 2 ml/min per 100 g of tissue respectively.
For red marrow Mapleson (1963a) estimated a perfusion of 9 ml/min per 100 ml whereas Cowles, Borgstedt and Gillies (1971) , mainly on the basis of rat and rabbit data, chose 40 ml/min per 100 g. However, tabk IV reveals a fairly clear tendency for all bone perfusions to increase as body weight decreases so, in round figures, 10 ml/min per 100 g still seems a plausible figure for red marrow perfusion. Combined with the fatty marrow perfusion it is about adequate to explain the whole bone perfusion in man in table IV. (11) 11 (14) 15 (6) 32 (3) Flows are in ml/min per 100 g or 100 ml wet tissue. The numbers in brackets are the numbers of investigations used for each mean. Line (b) for dogs includes data from investigations in immature animals. Equal weight was given to each investigation and estimates based on "Ca and c Sr clearance were corrected by dividing by 0.43 and 0.76 respectively, as suggested by Kane (1968) . Where investigators reported only a range of values the geometric mean of the limits was used as the estimate for that investigation. Inconsistencies within the table arise from gross inconsistencies between investigators.
The investigations included are as follows : Edholm, Howarth and McMichael (1945) ; Petrakis et aL (1953) ; Laing and Ferguson (1958, 1959); Cumming (1962) ; Cumming and Nutt (1962) ; Breuer, Hirsch and Sachweh (1964) ; Shim, Copp and Patterson (1966, 1967) ; Semb (1966 Semb ( , 1971 ; Matumoto and Mizuno (1966); Mkhelsen (1968) ; Brookes (1968 Brookes ( , 1970 ; Kane and Grim (1969) ; Sim and Kelly (1970) ; Kelly, Yipintsoi and Bassingthwaighte (1971) ; and other quoted by Kane (1968) .
For cardiac output the Cowles, Borgstedt and Gillies (1971) cardiac index of 3.5 (L/min)/m 1 is combined with the 1.85 m 1 body surface area of a 30-year-old, 70-kg man of medium build (Documenta Geigy, 1956, pp. 250, 255) . Mapleson (1963a) is followed in attributing the unaccounted fraction of the cardiac output to peripheral shunt This may be justified on two counts. Firstly, increases in skin blood flow above basal are mainly through arteriovenous anastomoses (Hyman, 1961) . Secondly, many estimates of blood flow are based on the clearance of diffusible indicators and therefore are estimates of "effective" blood flow which may be less than the total (Hills, 1967 )-although the difference is probably small (F. Gillespie, 1972, personal communication) . However, it should be noted that the data in table IV may be consistent with the unaccounted fraction of the cardiac output going largely to bone cortex. Cowles, Borgstedt and Gillies (1971) attribute their unaccounted fraction of the cardiac output to a group of tissues which includes lymphoid tissue, blood vessels, cartilage and nerves, and which thereby acquires a perfusion of 40 ml/min per 100 g. This seems rather high since the nerves might be expected to match the spinal cord and, although blood vessels are in some degree muscular, 40 ml/min per 100 g is about the perfusion for maximally exercising musck (Lassen, Lindbjerg and Dahn, 1965) . Here a figure of 5 ml/min per 100 g is used for all three tissues and this is also applied to the nonparenchymal tissue of the lung.
The grouping of tissues into compartments in table III is that justified (within limits) by Mapleson (1963a) .
The blood volumes were calculated in the same way as in Appendix I but using the blood flows in table III.
The cardiac index given by Cowles, Borgstedt and Gillies (1971) is based on 510 subjects whose mean age falls in the 30-39 decade of age. The cardiac index of Brandfonbrener, Landowne and Shock (1955) for this decade agrees to within 1 % so their data for other decades from 20 to 89 may be used with confidence.
APPENDIX III EQUATIONS SOLVED IN EACH CYCLE OF CALCULATION
At the lungs. V -volume of gas (BTPS). W =vorume of agent dissolving (BTPD). XXQ+XU X =blood/gas or tissue/gas partition coefficient. P' and V are pressure and volume at the end of the cycle of calculation; these become P and V for the next cycle. P* A is the value which P A had, N A calculations ago. P% is the value which P v had, N v calculations ago. A -in the alveoli or the arterial blood in the hings. B -in blood in general, i -expired, i =»inspired. L «=|n the lung compartment. , = in the circulating stroke volume.
T -in arterial blood at the tissues. " =in mixed venous blood at the tissues, v =in mixed venous blood at the lungs. I =in the i^ tissue compartment.
At 60 calculations/min and 15 respirations/min Vi and V B are zero for three out of every four cydes of calculation.
Initial values: VA=FRC, P A =PT"=PU >°P V=0. 
MODELES-TEMPS DE CIRCULATION DE LA RESORPTION D'ANESTHESIQUES INHALES ET DONNEES SERVANT
RESUMEN
Los modelos compartimentados conventionales de la absorcnSn y distribucidn de los anestesicos de inhalaci6n suponen que la sangre se mueve desde los pulmones a los tejidos y desde los tejidos a los pulmones en un tiempo oero. Se ban construldo tres nuevos modelos que incorpoian una representation altemativa del tiempo finite tranicurrido en los terminos de programas de Algol para una computadora Higiral Se ha demostrado que el metodo convencional da lugar a errores sistematicos en la absortidn computada de agentes de baja solubilidad, en las tenskmes arteriales de agentes de elevada solubilidad y en las tenskmes tisulares de todos los agentes. Los errores son importantes durante el primer o segundo minutos que siguen a la administration o a la recuperation. La distribution convencional del volumen sanguineo entre los diferentes compartimentos se demuestra que es erronea y que da lugar a errores sistemfiticos todavia mayores en los resultados computados. Tres distribuciones diferentes publicadas del volumen tisular y del volumen de bombeo cardiaco dan resultados computados diferentes y se propone una distribution preferible.
